Rationale: Expression of the metalloprotease ADAM8 is increased in patients with asthma, but the functional significance of elevated ADAM8 expression in the context of asthma pathogenesis remains elusive. Objectives: To study development of asthma in ADAM8-deficient mice. Methods: Ovalbumin-induced asthma was studied in wild-type, ADAM8-deficient, and ADAM8-chimeric mice. Lung inflammation was assessed by histology, analysis of bronchoalveolar lavage, and airway hyperresponsiveness. Measurements and Main Results: ADAM8-deficient mice are highly resistant to the development of ovalbumin-induced airway inflammation and hyperresponsiveness. ADAM8 expression was induced in both hematopoietic cells and the nonhematopoietic microenvironment after induction of asthma, and ADAM8 expression in both cell populations was required for the full manifestation of asthma. Interestingly, loss of ADAM8 on T cells alone was sufficient to significantly decrease the asthma response. The attenuated response was not due to an intrinsic defect in antigen presentation or cytokine production but reflected an impaired migration of T cells, eosinophils, CD11b 1 CD11c 2 , and CD11c 1 cells from blood vessels to the lung and alveolar space, suggesting a general hematopoietic cell deficiency in the absence of ADAM8.
Asthma is characterized by pulmonary eosinophilia, an imbalance toward a Th2 cytokine response, and an exaggerated increase in airway resistance in response to methacholine (1) . Several studies demonstrated involvement of metalloproteases in asthma, suggesting roles in infiltration of lymphocytes and eosinophils into airway mucosa (2) , in recruitment of Th2 cells into the lung airways (3) , and in differentiation of Th2 cells (4) . Two members of a disintegrin and metalloprotease family (ADAM) have also been associated with asthma. Increased expression of ADAM8 was observed in mouse models of asthma (5) and patients with asthma (6) , and ADAM33 has been identified as a putative asthma susceptibility gene by positional cloning (7) .
The ADAMs form a widely expressed family of transmembrane proteins, with 40 members found in various species. They contain multiple functional domains, including a zincdependent metalloprotease domain, a disintegrin/cysteine-rich domain, and a cytoplasmic domain with SH3-binding motifs (8) . ADAM8, a protease (9-11) activated by an autocatalytic mechanism (11) , has been detected in several myeloid lineages, lymphocytes (12) (13) (14) (15) (16) , and other nonhematopoietic tissues (5, (17) (18) (19) (20) (21) (22) (23) . Several studies propose a functional involvement of ADAM8 in cell migration (18, 22, 23) . Involvement of ADAM8 in immune responses was proposed on the basis of its inducibility by inflammatory stimuli such as IFN-g, LPS (24) , and TNF-a (11) . Indeed, ADAM8 expression has been associated with inflammatory diseases such as neurodegeneration (21, 25) , tissue inflammation around loosened hip transplants (20) , rheumatoid arthritis (15) , and pulmonary disease (5, (26) (27) (28) . Under normal conditions, ADAM8 expression in murine lungs is restricted to epithelial cells of distinct respiratory bronchioles (19) . In mouse models of asthma, ADAM8 mRNA expression is strongly induced in the lung (5) . Similarly, increased ADAM8
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
The migration of immune cells including T cells, dendritic cells, macrophages and eosinophils into the lung is central to the development of chronic inflammation in asthma. Cell migration is known to be dependent on the activity of many proteases, including ADAM8, a member of the ADAM family of metalloproteases, which is highly expressed in patients with asthma.
What This Study Adds to the Field
Loss of ADAM8 results in protection from airway inflammation and airway hyperresponsiveness in asthma. We show that this metalloprotease is essential for efficient recruitment of inflammatory cells involved in asthma pathogenesis, such as T cells, eosinophils, CD11b 1 CD11c 2 , and CD11c 1 cells. Adoptive transfer experiments showed that ADAM8 on hematopoietic cells as well as ADAM8 on nonhematopoietic cells was required for full asthma response, making this enzyme a potential target for pharmaceutical blockage of inflammation in asthma.
mRNA levels are found in lung biopsies from patients with both mild and severe asthma (6) . However, it remains unclear whether loss of ADAM8 has a pathological or beneficial affect in asthma, and whether it promotes or dampens inflammation in the asthmatic lung (29) . ADAM8-deficient mice (ADAM8 2/2 ) have no obvious pathological phenotypes. It was, however, suggested that ADAM8 2/2 mice might be affected under inflammatory conditions (19) .
Here we have analyzed the role of ADAM8 in asthma by inducing disease in ADAM8 2/2 mice, and found that that these mice are highly resistant to asthma. Using bone marrow chimeric mice, we found that ADAM8 expression on both hematopoietic and nonhematopoietic cells contributed to the inflammatory response. Moreover, ADAM8 appears to be required for normal migration of inflammatory cells in the development of asthma.
METHODS Mice
C57Bl/6 (CD45.2, CD45.1) and IL7R 2/2 were purchased from Jackson Laboratory (Bar Harbor, ME). IL7R 2/2 and ADAM8 2/2 mice (19) have been backcrossed onto C57Bl/6 background. Mice were maintained and bred at the specific pathogen-free animal facility at The Biomedical Research Centre. All animal experiments were performed according to institutional guidelines and approved by the Animal Care Committee of UBC.
Induction and Analysis of Asthma
Asthma was induced and analyzed as previously described (1, 30) via two intraperitoneal injections of 0.2% ovalbumin (OVA) with Al(OH) 3 (both from Sigma-Aldrich; St. Louis, MO) on Days 1 and 8 and intranasal challenges with 0.2% OVA on Days 22, 23, 24, 26, and 28. After mice were killed (Day 29), bronchoalveolar lavage (BAL) was performed by three aspirations of 1.0 ml PBS. For airway hyperresponsiveness analysis, OVA-challenged mice were anesthetized with ketamine/xylaxine, tracheotomized, and airway resistance was measured with a Flexivent apparatus (SCIREQ, Montreal, PQ, Canada).
Histology
Formalin-fixed lung tissue was embedded in paraffin, sectioned, and stained with hematoxylin and eosin. A histologic score from 0-5 was blindly attributed (0 5 no sign of disease, 5 5 most sign of disease) as previously described (1) for perivascular infiltration, peribronchial infiltration, epithelium damage, and parenchymal infiltration, for a potential maximum score of 20.
Flow Cytometry and Cell Sorting
Lungs were digested with 200 U/ml collagenase IV (Sigma-Aldrich) and lung inflammatory cells enriched by Percoll separation. Peripheral blood was drawn from saphenous veins and subjected to red blood cell lysis. Cell suspensions were stained with titrated amounts of antibodies: CD3 (145-2C11; Hybridoma Bank, Iowa City, IA), CD4 (RM4-5; eBioscience; San Diego, CA), CD8 (53-6.7; eBioscience), CD11b (M1/ 70; Hybridoma Bank;), CD11c (N418; Hybridoma Bank), B220 (RA3-6B2; Hybridoma Bank, Iowa City, IA), CD45.1 (A20; eBioscience), CD45.2 (104; eBioscience), IL-4 (11B11; eBioscience, San Diego, CA), CCR3 (83101; R&D Systems, Minneapolis, MN), Gr-1 (RB6-8C5; Hybridoma Bank), EpCAM (G8.8; eBioscience), and IFN-g (XMG1.2; eBioscience). For intracellular staining, cells were fixed with 1% paraformaldehyde, followed by permeabilization and staining in 0.1% Triton X-100 and 1% fetal calf serum in PBS. b-galactosidase activity was detected using the FluoReporter lacZ Flow Cytometry Kit (Molecular Probes, Eugene, OR) according to manufacturer's instructions. Where required, a fixed number of reference beads (Interfacial Dynamics, Invitrogen, Carlsbad, CA) were added to each sample for calculation of cell numbers. Samples were analyzed on a Calibur or LSRII flow cytometer and data analyzed with FlowJo software Quantitative Real-Time PCR RNA was extracted using TRIzol solution (Invitrogen, Carlsbad, CA). One microgram of total RNA was reverse transcribed using cDNA Archive Kit (Applied Biosystems, Carlsbad, CA). Gene expression for ADAM8 was quantified using a Duplex PCR analyzing ADAM8 (forward 59-GGATGCTACTGTCCTGAACCA-39, reverse 59-GAATATCCTGGGGAACTTGGA-39) (Probe#83FAM, Universal Probe Library; Roche, Basel, Switzerland) and the endogenous control GAPDH (probe VIC labeled #4352339E; Applied Biosystems) in the same reaction. Reactions were performed using TaqMan master mix. IL-4, IL-5, IL-13 CCL5 and CCL11 expression was performed as described earlier (31, 32) using SYBR green master mix for detection (Fermentas) . All reactions were run on a HT7900 real-time PCR system. Relative mRNA expression was calculated using 7000 SDS relative quantification software (all from Applied Biosystems).
Bone Marrow Transfer and Adoptive Transfer
A quantity of 5 3 10 6 bone marrow cells was injected intravenously into lethally irradiated recipient mice. Twelve weeks after reconstitution, asthma was induced in mice with blood chimerism greater than 80%. A quantity of 1 3 10 6 enriched T cells from lymph nodes (Easy Sep Mouse T Cell Enrichment Kit, purities .97%; StemCell Technologies; Vancouver BC Canada) was injected intravenously into recipient mice. Four weeks after adoptive transfer, asthma was induced.
In Vitro T Cell Differentiation Assays
A quantity of 2 3 10 5 splenocytes was activated with anti-CD3 (145-2C11; eBioscience) and anti-CD28 (37.51; eBioscience) (1 mg/ml each). Th1 polarization: IL-12 (10 ng/ml; eBioscience) 1 anti-IL-4 (10 mg/ml, 11B11; eBioscience); Th2 polarization: IL-4 (40 ng/ml; eBioscience) 1 anti-IFN-g (10 mg/ml, XMG1.2; eBioscience). After 3 days, cells were stained for CD4, intracellular IFN-g, and IL-4 and analyzed by flow cytometry. Cell-free supernatants were analyzed for cytokine secretion with cytometric bead assays (BD Biosciences) or sandwich ELISA (eBioscience).
OVA Recall Assays
A quantity of 5 3 10 5 total inflammatory lung cells from OVAchallenged mice was stimulated with increasing doses of OVA. After 24 hours, cell-free supernatants were harvested and analyzed for cytokine secretion with cytometric bead assays (BD Biosciences) according to manufacturer's instructions.
Detection of OVA-specific IgG1, IgG2a, and IgE For detection of OVA-specific serum IgG1 and IgG2a, plates were coated with 2% OVA in sodium carbonate 0.1 M, pH 9.5. Serum was added to the plates for 2 hours at 378C, rinsed, and the OVA-specific IgGs were detected using biotinylated rat antibody specific for mouse IgG1 and IgG2a (BD Biosciences) respectively, followed by streptavidin coupled to horseradish peroxidase (HRP) and ABTS substrate (Sigma-Aldrich). For detection of OVA-specific IgE, plates were coated with rat anti-mouse IgE (BD Biosciences) and sera were added to wells. Captured OVA-specific IgE was detected using biotinylated OVA and subsequently streptavidin-HRP and ABTS substrate.
Migration Assays
Mice were injected intraperitoneally with chitin and eosinophils from peritoneal lavage counted 40 hours after injections by flow cytometry (33) . A quantity of 2 3 10 5 bone marrow-derived dendritic cells, stimulated overnight with 200 ng/ml LPS (Sigma-Aldrich), or T cells from spleens activated as described above were seeded into the upper chambers of Matrigel (BD Biosciences)-coated 24-well Transwell chambers (Costar, Lowell, MA). Chemoattractant-100 nM SDF-1 (inhouse) and 25 ng/mL CCL5 (Peprotech, Rocky Hill, NJ), respectively-was added to the lower chambers. After 6 (T cells) to 20 (dendritic cells) hours, cell numbers in upper and lower chambers were determined by flow cytometry. Migration efficiencies were calculated by dividing numbers of cells in the lower chamber by the total number of cells in lower and upper chamber. This migration efficiency was divided by the migration efficiency in a control chamber lacking Matrigel and chemoattractant (spontaneous migration). Bone marrow-derived macrophages, unstimulated or previously activated with 250 ng/ml LPS (Sigma-Aldrich) or 100 U/ml TNF-a (Peprotech), were seeded in the upper chambers with medium with higher serum content added to the lower chambers (Biocoat Matrigel Invasion Chambers; BD Biosciences). After 20 hours, invaded cells were fixed with methanol, stained with toluidine blue, and counted.
Statistics
Data are presented as mean values and error bars as SEM. Statistical significance was assessed using unpaired, two-tailed, Student's t test with *P , 0.05, **P , 0.01, and ***P , 0.001 ( Figures 1, 3 and 6 ). Statistics were calculated using statistic software SPSS 16 for Mac (SPSS Inc., Chicago, IL).
RESULTS

Absence of ADAM8 Attenuates Airway Inflammation
A well-described OVA-induced mouse model of asthma (1, 30) was used to verify the role of ADAM8 in the development of asthma. Asthma was induced in wild-type (wt), heterozygous, and ADAM8 2/2 mice by sensitization with intraperitoneal injections of OVA followed by intranasal OVA challenges. The lung inflammatory response was assessed 1 day after the last intranasal challenge by analysis of BAL content and histologic studies. In ADAM8 2/2 mice, the total alveolar cell infiltrate was significantly reduced compared with wt mice ( Figure 1A ), whereas ADAM8 heterozygous mice showed an intermediate phenotype indicating that the number of infiltrating cells correlates with the ADAM8 gene dosage ( Figure 1A ) (19) .
In BAL of OVA-challenged wt mice, approximately half of the infiltrating cells were eosinophils, followed by equal frequencies of macrophages, lymphocytes, and neutrophils. In BAL of OVA-challenged ADAM8 2/2 mice, all cell types were reduced by at least 50% ( Figure 1B ). The heterozygous mice showed again an intermediate phenotype that extended to all hematopoietic subsets analyzed with eosinophils reaching significance (P , 0.05) and the other cell types showing a trend. These data indicate that airway inflammation induced by OVA is largely attenuated in ADAM8 2/2 mice compared with wt mice. Viability of recovered cells was verified using Hoechst/PI staining, and was found to be similar in both groups (data not shown). The amount of OVA-specific IgE was approximately 30% lower in the serum of ADAM8 2/2 mice ( Figure 1C ), but reached levels that suggested a good sensitization to OVA. Moreover, OVA-specific IgG1 was found to be similar in wt and ADAM8 2/2 mice, further suggesting that the sensitization to OVA is not deficient in these mice. Finally, serum levels of OVA-specific IgG2a were low in both mouse strains, which is indicative of a normal Th2 response by ADAM8 2/2 mice.
To confirm that these mice developed less severe tissue inflammation, lungs from naive and OVA-challenged wt and ADAM8 2/2 mice were sectioned and stained with hematoxylin/ eosin and a histologic inflammatory score was blindly attributed ( Figure 1D ). No significant differences were observed between wt and ADAM8 2/2 lungs isolated from naive mice. Administration of OVA in wt mice induced vigorous tissue inflammation, characterized by severe perivascular (PV), peribronchial (PB), and parenchymal (PA) infiltration and damage to the bronchial epithelium (ED), resulting in a mean total histologic score of 14.6 6 0.94. ADAM8 2/2 mice had less severe perivascular and peribronchial infiltration, and an almost complete lack of parenchymal infiltration, resulting in a significantly lower histologic score of 8.7 6 1.4 (P 5 0.01; n 5 4) ( Figure 1E) . These data clearly demonstrate that ADAM8 deficiency confers protection from asthma in mice.
ADAM8 2/2 Mice Do Not Develop Airway Hyperresponsiveness
Airway hyperresponsiveness (AHR) is a major hallmark of asthma and known to be linked to the degree and type of airway inflammation induced by allergens and to airway remodeling (34, 35) . As ADAM8 2/2 mice exhibited a major decrease in their inflammatory response to OVA, we tested whether lack of ADAM8 leads to alterations in the AHR by measuring airway resistance to increasing doses of intravenous methacholine (1, 30) . As expected, OVA-challenged wt mice had a significantly higher airway resistance than naive mice. However, OVAchallenged ADAM8 2/2 mice had only a moderate response to methacholine that was comparable to that of unchallenged wt mice ( Figure 1F ). This lack of enhanced airway responsiveness correlates with the decreased inflammation observed in ADAM8 2/2 mice.
ADAM8 mRNA Is Increased in Several Cell Populations in the Asthmatic Lung
Increased ADAM8 expression was previously reported in asthmatic lungs in total perivascular and peribronchial inflammatory cells and in the inflamed respiratory epithelium (5) . Accordingly, we detected 5.5-fold increased mRNA expression levels in total lung tissue of OVA-challenged wt mice as compared with lung tissue of naive wt mice ( Figure  2A ). In particular, qRT-PCR on FACS-sorted cells (purities .95%) from OVA-challenged wt mice revealed strongest mRNA induction in eosinophils (CCR3 1 CD3 2 B220) and CD11b 1 CD11c 2 cells followed by CD11c 1 cells, CD4 T cells, and epithelial cells (EpCAM 1 CD45 2 ). ADAM8 expression in CD8 1 T cells was only slightly increased compared with naive splenocytes ( Figure 2B ). This is, to our knowledge, the first time that ADAM8 mRNA has been detected in T cells. The targeted allele of ADAM8 contains a lacZ gene with an internal ribosomal entry site, providing an opportunity to extend the expression analysis of ADAM8 (19) through a bgalactosidase activity test. Strong b-galactosidase activity was detected in activated T cells but not in naive T cells, confirming the mRNA data (see Figure E1 in the online supplement). The data suggest that the phenotype observed in the ADAM8 2/2 mice could be due to lack of ADAM8 in any of the analyzed inflammatory cells or structural cells of the microenvironment.
ADAM8 of Hematopoietic and Nonhematopoietic Origin Contributes to Pulmonary Inflammation
To test for the respective contributions of hematopoietic cellderived and microenvironment-derived ADAM8 in pulmonary inflammation, asthma was induced in bone marrow chimeric mice. We observed a significant decrease in total BAL cells in both wt mice reconstituted with ADAM8 2/2 bone marrow ( Figure 3A ) and ADAM8 2/2 mice reconstituted with wt bone marrow ( Figure 3B ), suggesting that ADAM8 from hematopoietic as well as from nonhematopoietic cells contributes to asthma. Furthermore, differential cell counts revealed a de-crease in all hematopoietic subsets in the alveoli (Figures 3C  and 3D ). These data indicate that ADAM8 expressed on both inflammatory cells and the microenvironment contributes to asthma. Accordingly, the AHR was significantly decreased in both wt mice reconstituted with ADAM8 2/2 bone marrow and ADAM8 2/2 mice reconstituted with wt bone marrow as compared with wt mice reconstituted with wt bone marrow ( Figure 3E ). 
ADAM8 on T Cells Contributes to Development of Airway Inflammation
Previous studies have shown that mice that lack T and B cells fail to develop experimental asthma, and that adoptive transfer of T cells is sufficient to restore the disease in these mice (36) . To determine whether T cell-expressed ADAM8 was required for the development of asthma, we used IL-7 a-chain receptordeficient mice (IL7R 2/2 ), which have a defect in T and B cell development (37) , and mice double deficient for the IL-7 a-chain receptor and ADAM8 (ADAM8 2/2 /IL7R 2/2 ). Susceptibility of IL7R 2/2 and ADAM8 2/2 /IL7R 2/2 mice to experimental asthma was significantly reduced, as indicated by a five-to eightfold decrease of cells in BAL when compared with wt mice (Figures 4A and 4B ).
Equal numbers of purified T cells from peripheral lymph nodes (with equal frequencies of CD4 and CD8 T cells; data not shown) of either wt or ADAM8 2/2 mice were adoptively transferred into IL7R 2/2 and ADAM8 2/2 /IL7R 2/2 mice, and experimental asthma was induced 4 weeks after transfer. Transfer of wt or ADAM8 2/2 cells led to similar donor T cell frequencies in the respective recipients, suggesting that ADAM8 on donor cells did not interfere with T cell reconstitution efficiency (data not shown). Wt T cells transferred into either IL7R 2/2 ( Figure 4A ) or ADAM8 2/2 /IL7R 2/2 mice ( Figure 4B ) restored lung inflammatory cell infiltration to two-thirds of the value of wt mice. In contrast, cell infiltration into lungs of IL7R 2/2 ( Figure 4A ) and ADAM8 2/2 /IL7R 2/2 mice ( Figure 4B ) that had received ADAM8 2/2 T cells remained at levels comparable to those of IL7R 2/2 and ADAM8 2/2 /IL7R 2/2 mice that had not received a transplant. This suggests that although other cells expressing ADAM8 are required for the full development of allergy, ADAM8 expression by T cells alone is sufficient to significantly induce an allergic phenotype.
Cytokine Production Is Normal in Activated ADAM8 2/2 T Cells
To test whether the attenuated disease in ADAM8 2/2 mice was due to failure of ADAM8 2/2 T cells to produce Th2 cytokines, splenocytes from wt and ADAM8 2/2 mice were activated in vitro under neutral, Th1, or Th2 polarizing conditions. The frequencies of IL-4-and IFN-g-producing cells ( Figure 5A ) and Th1 and Th2 cytokine secretion ( Figures 5B-5D) were not significantly different in wt and ADAM8 2/2 mice.
To assess the capacity of lung inflammatory cells to respond to OVA and to present antigen, total inflammatory lung cells from OVA-challenged wt and ADAM8 2/2 mice were isolated and re-stimulated with increasing doses of antigen to evaluate the cytokine response. The secretion of IL-5 in response to increasing doses of OVA was similar in wt and ADAM8 2/2 cells ( Figure  5E ). As expected for the Th2 asthma response, IFN-g secretion was below detection limits in wt and ADAM8 2/2 cells (data not shown). Thus, our data show that there is no abnormal skewing of the cytokine responses and no defect in antigen presentation in ADAM8 2/2 mice, and we therefore conclude that the attenuated asthma response observed in ADAM8 2/2 mice is not due to inability of ADAM8 2/2 T cells to develop into Th2 cells in response to stimulation by antigen-presenting cells. However, levels of pro-asthmatic chemokines and cytokines measured by qRT-PCR in the lung tissue of OVA-sensitized mice ( Figure 5F ) were significantly lower in ADAM8 2/2 mice, indicating that the overall inflammatory state of the ADAM8 2/2 lungs was lower than that of wt lungs.
Tissue Infiltration by ADAM8 2/2 Inflammatory Cells Is Impaired
Cell infiltration into the lung during airway inflammation is one of a cascade of events required to develop asthma. In response to chemotactic signals released after antigen challenge, hematopoietic cells egress from the vasculature and enter the airway mucosa and bronchoalveolar space, which is dependent on effective cell migration and extracellular matrix degradation (38) . The catalytic activity of ADAM8 has been reported to be important for the migration of tumor cells (23) . To test whether ADAM8 is also required for inflammatory cell entry into the lung, we determined the numbers of cells (eosinophils, CD11b 1 CD11c 2 , CD11c 1 and T cells) in blood, lung tissue, and alveoli of asthma-induced wt and ADAM8 2/2 mice (Figures 6A-6E , and Figure E2 ). Although there was no significant difference in the numbers or frequencies of cell subsets in the blood, ADAM8 2/2 mice had significantly lower levels of all cell subsets in the lung tissue and an even more pronounced decrease in the BAL, suggesting that cell recruitment is impaired in ADAM8 2/2 mice.
To examine whether lack of ADAM8 generally affects the capacity of inflammatory cells to migrate, a series of in vivo and in vitro migration assays were set up to examine the effect of loss of ADAM8 on the cell types indicated above. Eosinophils have been reported to express ADAM8 on podosome structures that are necessary for invasion (14) . Consistent with a role for ADAM8 on these structures, we found in a pilot experiment that ADAM8 2/2 eosinophils migrate up to 50% less effectively through Matrigel in response to eotaxin than corresponding wt eosinophils ( Figure E3 ). Since eosinophils are potently recruited to the peritoneum in response to chitin injection (33), we used an assay to further confirm an eosinophil trafficking defect. Consistent with the Matrigel assay, significantly lower numbers of eosinophils were recruited to the peritoneum in response to injected chitin in ADAM8 2/2 mice than in wt mice ( Figure 6F) .
Similarly, we found that loss of ADAM8 from macrophages, which are known to normally express it (13) and to play a role in asthma (39) , led to a 50% decrease in migratory activity in vitro ( Figure 6G) . Treatment of macrophages with LPS or TNF-a is known to up-regulate ADAM8 expression (21, 24) . Consistent with this up-regulation, we found that stimulated macrophages from wt mice had a two-to threefold increased migratory activity, compared with unstimulated wt macrophages, whereas stimulation of ADAM8 2/2 macrophages did not result in an increased migration. Thus, consistent with our observations with eosinophils, we found ADAM8 to play a cell autonomous role in enhancing macrophage migratory ability ( Figure 6G ).
Dendritic cells like macrophages up-regulate ADAM8 upon stimulation (16) and are important in the development of asthma (40) . Again, we found that bone marrow-derived dendritic cells from ADAM8 2/2 mice migrated less efficiently in response to SDF-1 than their wt counterparts ( Figure 6H ). Finally, based on our findings that T cells from asthmatic lungs expressed ADAM8, we tested migration capacities of activated T cells from wt and ADAM8 2/2 mice. Consistent with our observations for the other hematopoietic subsets, we found that activated ADAM8 2/2 T cells migrated 17% (CD8) and 28% (CD4) less efficiently in response to CCL5 in vitro when compared with wt T cells ( Figure 6I ). In summary, these data suggest a cell-autonomous defect in the recruitment/ migratory capacity of all inflammatory cell types lacking ADAM8 2/2 and that this migratory impairment may be the underlying cause of the attenuated asthmatic response in ADAM8 2/2 mice.
DISCUSSION
Several studies have reported an association between ADAM8 expression and the disease severity in patients with pulmonary disease (6, 27) and in mice with induced experimental asthma (5, 26) . While it has, to date, been unclear whether lack of ADAM8 would promote or prevent development of airway inflammation, our data demonstrate conclusively that ADAM8 plays a nonredundant, proinflammatory role in a murine model of acute asthma.
Data from hematopoietic reconstitution experiments indicate that ADAM8 can act both in a cell-intrinsic and cellextrinsic manner and that the contribution of ADAM8 from different cell types is required to mount a full and efficient asthmatic response. The ADAMs are multifunctional proteins with catalytic, adhesive, and signaling properties (8) . Accordingly, ADAM8 has been reported to be involved in various phenomena, such as cleavage of extracellular matrix molecules (9) (10) (11) 25) , homophilic interaction via the disintegrin domains (11) and integrin-disintegrin interaction (41) . Whether a single ADAM8 function is sufficient or a combination of them is required for development of pulmonary lung inflammation is presently unclear.
Lung epithelial cells and infiltrating hematopoietic cells have been recognized as sources of ADAM8 (5, 6, 19) . We confirm these reports and additionally show that in asthmatic lungs ADAM8 mRNA is expressed in lung epithelial cells, infiltrating eosinophils, CD11b 1 CD11c 2 cells, CD11c 1 cells and T cells. Our finding that T cells express ADAM8 is in contrast to previous studies (13, 16) . Differential expression in murine and human T cells as well as the priming conditions and activation status of T cells may account for these discrepancies. In the previous studies, human T cell lines, or human peripheral blood T cells activated in vitro were used to verify ADAM8 expression. In contrast, we used murine T cells that had been activated in vivo and had infiltrated the lungs under inflammatory conditions. We were, furthermore, able to show that ADAM8 expression in T cells alone is sufficient to exacerbate experimental asthma in an otherwise ADAM8-deficient environment. Of note, however, is that there was a trend for more cell infiltration when wt T cells were transferred into an ADAM8-expressing environment as compared with transfer into an ADAM8-deficient environment. This suggests that ADAM8 expression on other cell lineages also contributes to development of experimental asthma consistent with our observations in bone marrow chimeric mice. The T cell transfer experiments, however, demonstrate that expression of ADAM8 by one cell type (T cell) is sufficient to induce pulmonary inflammation. The nature and extent of ADAM8 contributions to asthma when expressed in lineages other than T cells remains to be explored.
Since ADAM8 was detected in dendritic cells and T cells and the expression of ADAM8 in T cells alone was sufficient to induce disease, we considered the possibility that T cell priming might be affected in ADAM8 2/2 mice. However, polarization experiments and antigen stimulation of isolated inflammatory lung cells showed that ADAM8 2/2 T cells are fully capable of mounting an appropriate Th2 cytokine response, and that antigen presentation by alveolar macrophages and dendritic cells is functional. This is also supported by the fact that these mice produce normal IgG1 levels in response to OVA. The reduced infiltration of eosinophils, T cells, CD11b 1 CD11c 2 , and CD11c 1 cells into lung parenchyma and BAL in ADAM8 2/2 mice, however, point to a deficiency in recruitment of these cells under inflammatory conditions. Assays testing for the migratory capacities of individual inflammatory cell types contributing to the asthmatic response pointed to a consistent impairment in transmigration in the absence of ADAM8. This is in agreement with earlier studies reporting a role for ADAM8 in tumor cell migration (18, 22, 23) . The fact that production of chemokines was reduced in the lungs of ADAM8 2/2 mice in response to OVA challenges might have further contributed to the reduced migration of inflammatory cells into lung and BAL. It could also, however, simply be a reflection of the milder inflammation that developed in these mice. Our data also suggest that ADAM8 expressed on both hematopoietic and nonhematopoietic cells acts in cell recruitment, as nonhematopoietic cell-expressed ADAM8 contributed to migration of inflammatory cells to the lung. However, as alveolar macrophages express ADAM8 and are known to be radioresistant, there is a possibility that some of the protection observed in the ADAM8 2/2 mice reconstituted with wt bone marrow could be due to continued presence of radioresistant ADAM8 2/2 alveolar macrophages.
Development of AHR requires the migration of dendritic cells and T cells between lung and lymph nodes (42) . Moreover, throughout the asthmatic response, inflammatory cells repeatedly egress from the vasculature into the airway mucosa and into the bronchoalveolar space, which requires the capacity for migration and extracellular matrix degradation. Several studies have shown that eosinophils, T cells, and dendritic cells are essential to mount an asthma response, and that the absence of one individual cell population is sufficient to attenuate or block development of asthma (36, 40, 43) . Our study suggests that all these cells are affected in their capacity to migrate to the lung, and as these cells can bi-directionally influence each other and other cells (44) (45) (46) . Lack of ADAM8 therefore would successively reduce (1) the priming of T cells in the lymph nodes via a defect on dendritic cell migration, and (2) the migration of all major inflammatory cells which are crucial to the development of asthma.
Based on recent observations we propose that the ADAM8 catalytic activity might be required to degrade extracellular matrix components such as fibronectin (47) . Moreover, ADAM8 could also act indirectly as part of an activation cascade or a signaling pathway. Finally, our data do not exclude a role for the ADAM8 disintegrin/cysteine-rich domain in this process, through cell-ECM attachment, which may be regulated by integrins, affecting cell-cell contacts via the ADAM8 disintegrin domains.
Asthma had previously been induced in transgenic ATMS2 mice that overexpress the ectodomain of ADAM8. This soluble form may not correspond to the physiological soluble ADAM8 as it includes the disintegrin domain (48) . ATMS2 mice had a phenotype similar to that we report here for ADAM8 2/2 mice, (lower cell infiltrates, and reduced thickening of airway epithelium) and it was suggested that the soluble ADAM8 in ATMS2 mice could, via its disintegrin domain, interfere with the ability of membrane-bound ADAM8 to form cell-cell contacts and thereby decrease cell infiltration (28) . In such a scenario soluble ADAM8 would act as a dominant-negative molecule inhibiting catalytic activity and binding ability of ADAM8. Therefore, ''neutralization'' of membrane ADAM8 by excess soluble ADAM8 in ATMS2 mice would result in a phenotype comparable to that of ADAM8 2/2 mice. The low level of ADAM8 expression at steady state and the fact that ADAM8-deficient mice do not have a pathologic phenotype at baseline highlight this particular protease as potential therapeutic target, and suggest that transient, specific inhibition of ADAM8 function in vivo might be possible without inducing major side effects (49) . Moreover, data from bone marrow chimeras, T cell transfer experiments, and the fact that mice heterozygous for ADAM8 have an intermediate inflammatory response could indicate that the ADAM8 expression is limiting in asthma development. Partial inactivation of ADAM8 might thus be sufficient for treatment of asthma, again preventing possible side effects linked to the complete inhibition of this endogenous protein.
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